for the EARTH Study Team IMPORTANCE Animal experiments suggest that ingestion of pesticide mixtures at environmentally relevant concentrations decreases the number of live-born offspring. Whether the same is true in humans is unknown.
M ore than 90% of the US population has detectable concentrations of pesticides or their metabolites in their urine or blood samples. 1 While pesticide exposure occurs through a variety of routes, the primary route in the general population is through diet-especially intake of conventionally grown fruits and vegetables (FVs). [2] [3] [4] [5] [6] [7] In the United
States, pesticides are regulated and evaluated by the US Environmental Protection Agency to ensure the safety of the food supply for human consumption. Nonetheless, there has been a growing concern that permitted levels of pesticide residues in food defined by traditional toxicological testing may be too high, especially for susceptible populations such as pregnant women or infants. 8, 9 In rodent models, ingestion of pesticide mixtures in early pregnancy at a concentration assumed to be without adverse health effects increased the percentage of apoptosis in embryos and decreased the number of live pups born. 10, 11 Evidence from human studies is scarce. Women occupationally exposed to pesticides and women living in or near agricultural areas may have increased risk of infertility and adverse pregnancy outcomes. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, whether exposure within the range of typical human exposure, such as through diet, has any effect on reproductive outcomes in humans is unknown. We previously developed and validated a low-cost, questionnaire-based method-the Pesticide Residue Burden Score (PRBS)-to estimate exposure to pesticide residues from FVs in epidemiologic studies. [25] [26] [27] In the present study, we aimed to investigate the associations between preconception intake of high-and low-pesticide residue FVs and outcomes of assisted reproductive technologies (ART) in a prospective cohort of women undergoing infertility treatment.
Methods

Study Population
Women in this study were participants in the Environment and Reproductive Health (EARTH) Study, an ongoing prospective cohort established in 2006 to identify determinants of fertility among couples presenting to the Massachusetts General Hospital Fertility Center (Boston, Massachusetts). 28 Women were eligible to participate if they were between 18 and 45 years and planned to use their own gametes for infertility treatment. Women whose treating physician later determined that using donor eggs was clinically necessary remained in the study. Among women referred by physicians, approximately 60% of those approached by the research nurses enrolled in the study. Diet assessment was introduced to the study in 2007. The current analysis includes 325 women (contributing 541 ART cycles) whose diet was assessed and who contributed at least 1 subsequent ART cycle between April 2007 and August 2016. Women who did not complete a diet assessment (n = 113) or whose ART cycles started prior to assessment completion (n = 7) were excluded from the present analysis. The study was approved by the Human Studies Institutional Review Boards of the Massachusetts General Hospital, Harvard T.H. Chan School of Public Health, and the Centers for Disease Control and Prevention. All participants signed an informed consent after the study procedures were explained by trained study staff. On entry, height and weight were measured by trained study staff to calculate body mass index (BMI, calculated as weight in kilograms divided by height in meters squared). Study staff also administered a brief questionnaire to collect data on demographic characteristics, medical history, and lifestyle factors. Participants completed a detailed take-home questionnaire with additional questions on reproductive history and lifestyle factors. On this take-home questionnaire, participants were asked how often they consumed organic FVs during the past 3 months. We considered women to be organic FV consumers if they consumed organic FVs at least 3 times per week (the median in this population); women with lower intake of organic FVs (<3 times/wk) were considered to be conventional FV consumers.
Outcome Assessment
Clinical information was abstracted by trained study staff from the patients' electronic medical records. We have previously described details of patient clinical management elsewhere. 28 Briefly, clinical staff monitored patients during gonadotropin stimulation for serum estradiol, follicle size and counts, and endometrial thickness for 2 days before oocyte retrieval, and administered human chorionic gonadotropin (β-hCG) to induce ovulation approximately 36 hours before oocyte retrieval. Embryologists classified oocytes as germinal vesicle, metaphase I, metaphase II (MII), or degenerated, and determined fertilization rate as the number of oocytes with 2 pronuclei divided by the number of MII oocytes at 17 to 20 hours after insemination. Cell cleavage rates of embryos were considered to be normal with a division of 2 to 4 cells on day 2 and 4 to 8 cells on day 3 of culture. A division below 2 cells on day 2 and 6 cells on day 3 was considered as slow while a division of 4 or more cells on day 2 and 8 or more cells on day 3 was designated accelerated. For this study, early ART end points referred to any end points prior to embryo transfer, including markers of ovarian responses to stimulation (peak estradiol levels, endometrial thickness, MII and total oocytes), fertilization rate, and embryo quality. We excluded egg donor and cryogenic cycles for the analysis of early ART end points.
Clinical outcomes were assessed per initiated cycle, including implantation (defined as a serum β-hCG level >6
Key Points
Question Is there an association between exposure to pesticide residues in fruits and vegetables and pregnancy outcomes?
Findings In a cohort of 325 women undergoing infertility treatment with assisted reproductive technology, intake of high-pesticide residue fruits and vegetables was associated with a lower probability of live birth, while low-pesticide residue fruit and vegetable intake was not associated with this outcome.
Meaning Dietary pesticide exposure within the range of typical human exposure may be associated with adverse reproductive consequences. mIU/mL [to convert to IU/L, multiply by 1.0] typically measured approximately 17 days after oocyte retrieval), clinical pregnancy (defined as presence of intrauterine gestational sac[s] on ultrasonography at 6 weeks), and live birth (as the birth of a neonate on or after 24 weeks of gestation).
We categorized total pregnancy loss into (1) early pregnancy loss, defined as a positive urine β-hCG test followed by the absence of signs of clinical pregnancy, including chemical pregnancy loss and ectopic pregnancy; and (2) clinical pregnancy loss, defined as an intrauterine pregnancy demise after a clinical pregnancy, including spontaneous abortion, stillbirth, and therapeutic abortion. No molar pregnancies occurred in this cohort.
Exposure Assessment
Diet was assessed before initiation of ART using a selfadministered, previously validated food frequency questionnaire. 29 Women reported how often they typically consumed specified amounts of each food, beverage, and supplement over the past year. Two data-derived dietary pattern scores, the prudent and Western pattern, 30 were used to summarize overall food choices. We used the annual reports from the US Department of Agriculture Pesticide Data Program (PDP) to classify FVs according to their mean pesticide residue status in the US food supply.
31 Details of the PRBS methods have been described elsewhere. 25, 27, 32 We considered 3 measures of contamination from the PDP to classify FVs: (1) the percentage of samples tested with any detectable pesticides, (2) the percentage of samples tested with pesticides exceeding the tolerance level, and (3) the percentage of samples with 3 or more individual detectable pesticides. The pesticide residue data in FVs were averaged by annual PDP reports from 2006 through 2015, corresponding to the periods when the diet history of the participants was captured by the food frequency questionnaire. Next, we categorized foods according to tertiles for each of the 3 measurements of contamination and assigned a score of 0 to FVs in the bottom tertile, 1 to FVs in the middle tertile, and 2 for FVs in the top tertile. The PRBS for each food was the sum of scores across the 3 PDP contamination measures. We considered FVs with a PRBS of 4 or greater on a scale of 0 to 6 to be high-pesticide residue foods while FVs with a PRBS of less than 4 to be low-pesticide residue foods. Based on these criteria, 14 FVs were categorized as high pesticide residue and 22 as low pesticide residue ( Table 1) .
Statistical Analysis
Women were classified according to quartiles of total FV intake, high-pesticide residue FV intake, and low-pesticide residue FV intake. We conducted Kruskal-Wallis tests (for continuous variables) and Fisher exact tests (for categorical variables) to compare baseline characteristics across quartiles of FV intake. To evaluate the relationship of FV intake with ART outcomes, we used cluster-weighted generalized estimating equations to account for within-person correlations in the presence of nonignorable cluster size. 33 Each observation was weighted inversely to the number of cycles they contributed to the analysis. We evaluated ART outcomes per initiated cycle to estimate effects relevant in practice and mirror intention-to-treat analyses for studies of ART. 34, 35 However, in a post-hoc analysis, we evaluated the association of FV intake with risk of pregnancy loss only among cycles in which implantation was achieved. 34 Population marginal means were used to present population averages adjusted for the covariates at their average levels for continuous variables and weighted average levels of categorical variables in the model.
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Tests for linear trend were performed using the median intake of FVs in each quartile as a continuous variable. Confounding was evaluated using directed acyclic graphs based on prior knowledge.
Specifically, variables previously reported to be associated with live birth/pregnancy loss as well as associated with FV intake were considered as potential confounders. [37] [38] [39] [40] In addition, we included dietary pattern scores to distinguish relations between FV intake from those of overall food choices. The final multivariable models were adjusted for age (years), BMI, smoking status (current/former vs never), race (white vs nonwhite), supplemental folate intake (micrograms per day), organic FV consumption frequency (<3 vs ≥3 times/wk), residential pesticide exposure history (yes vs no), prudent and Western dietary patterns, total energy intake (kilocalories per day), and infertility diagnosis (male factor vs female factor vs unexplained). The model for high-pesticide residue FV intake was additionally adjusted for low-pesticide FV intake and vice versa because they may confound each other. To minimize residual confounding, we performed separate sensitivity analyses restricting to women younger than 40 years, women without a history of miscarriage, autologous cycles, and cycles initiated within 1 year of food frequency questionnaire completion. We also estimated the effect of substituting 1 serving/d of low-pesticide residue FVs for high-pesticide residue FVs on clinical outcomes. 41 All statistical analyses were performed in SAS, version 9.4 (SAS Institute). P values were 2 sided. Findings were considered statistically significant when P < .05.
Results
A total of 325 women underwent 541 ART cycles (range, 1-6), of which 228 (42%) resulted in a live birth (eFigure 1 in the Supplement). Women had a mean (SD) intake of 1.7 (1.0) servings/d of high-pesticide residue FVs and 2.8 (1.6) servings/d of low-pesticide residue FVs. Intakes of high-and low-pesticide residue FVs were positively correlated with each other (Spearman r = 0.57). Women who consumed more high-pesticide residue FVs were more likely to report regular organic FV consumption, had higher total calorie and micronutrient intake, higher adherence to the prudent dietary pattern, and a slightly higher prevalence of diminished ovarian reserve. Similar trends were observed with greater intake of low-pesticide residue FVs except that no difference in prevalence of diminished ovarian reserve was observed. Other characteristics were similar across quartiles of high-or low-pesticide FV intake ( Table 2) . Total FV intake was unrelated to probability of implantation, clinical pregnancy, and live birth (Table 3) . However, when FVs were classified as having high or low pesticide residues, divergent patterns of associations with clinical pregnancy and live birth emerged (Table 3) . Specifically, high-pesticide residue FV intake was inversely associated with probability of clinical pregnancy and live birth per initiated cycle. Compared with women in the lowest quartile of high-pesticide residue FV intake (<1 serving/d), women in the highest quartile (≥2.3 servings/d) had 18% (95% CI, 5%-30%) lower probability of clinical pregnancy and 26% (95% CI, 13%-37%) lower probability of live birth. These associations persisted in sensitivity analyses (eTable 1intheSupplement). Low-pesticide residue FV intake was associated with a higher, albeit nonsignificant, probability of clinical pregnancy and live birth (Table 3) . We found no associations between intake of high-or low-pesticide residue FVs with markers of response to ovarian stimulation, fertilization rate, or embryo quality (eTable 2 and eTable 3 in the Supplement).
Next, we examined the associations of FV intake with risks of pregnancy loss (Figure 1 ). High-pesticide residue FV intake was positively associated with probability of total pregnancy loss. The adjusted probabilities of total pregnancy loss were 7% (95% CI, 3%-15%), 23% (95% CI, 16%-33%), 24% (95% CI, 15%-36%), and 34% (95% CI, 20%-51%) for women in increasing quartiles of high-pesticide residue FV intake (P =.04 for trend). When total pregnancy loss was divided into early and clinical pregnancy loss, the trends were similar. On the (15) .34 9 (11) 11 (14) . other hand, low-pesticide residue FV intake was inversely associated with early pregnancy loss but unrelated to clinical pregnancy loss. Last, we estimated the effect of replacing high-pesticide residue FVs with low-pesticide residue FVs on the odds of clinical outcomes (Figure 2) . Consuming 1 serving/d of lowpesticide residue FVs in lieu of 1 serving/d of high-pesticide residue FVs was associated with 79% (95% CI, 11%-188%) higher odds of clinical pregnancy and 88% (95% CI, 16%-205%) higher odds of live birth.
Discussion
We evaluated the association between preconception intake of FVs, considering their pesticide residue status, and ART 18 found that the adjusted odds ratio of fetal death for those exposed to 3 or more pesticide classes was 2.6 (95% CI, 1.3-5.3), while those exposed to 1 or 2 pesticide classes had an odds ratio of 1.1 (95% CI, 0.6-2.1). In another study of women living on Ontario farms, Arbuckle et al 24 showed that exposure to both fungicides and herbicides before conception doubled the risk of spontaneous abortion relative to women exposed only to fungicides, suggesting that pesticide mixtures may confer a greater risk of fetal loss. Nonetheless, most of these studies have focused on occupational workers or women living in or near agricultural areas. The influence of exposure to pesticide residues primarily through foods on pregnancy outcomes in the general population remains unknown. To the best of our knowledge, this is the first prospective study evaluating the relationship of dietary pesticide exposure to reproductive success in humans. The most closely related study to ours is a prospective study of 28 192 Norwegian women, which found that women choosing organically grown vegetables during pregnancy had reduced risk of preeclampsia regardless of adjustment for various healthy food scores. 45 One possible explanation was that organic vegetable consumption may reduce exposure to pesticides. Some forms of miscarriage and preeclampsia may be related, representing a continuum whose origin is oxidative stressinduced placental dysfunction. of high-pesticides FVs in the present study, as well as lower prevalence of preeclampsia associated with organic vegetable consumption in the earlier study. 45 However, given the paucity of the data, future studies are warranted to replicate these findings. Our results are also in agreement with experimental animal data. Cavieres et al 11 showed that pregnant mice exposed to a pesticide mixture at a level lower than drinking water standards during a period spanning preimplantation and organogenesis produced a significant decrease in implantation sites and number of live pups born. Further, Greenlee and colleagues 10 showed that a mixture of agricultural chemicals at 1 reference dose (ie, an estimate of daily oral exposure that is likely to be without an appreciable risk of deleterious effects during lifetime) increased blastomere apoptosis and suppressed cell proliferation of morulae, which may result in embryonic demise or pregnancy loss. It is possible that pesticides may impair pregnancy maintenance by affecting periimplantation embryo development, which is known as a period of heightened susceptibility to malformations.
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Limitations
Our study has some limitations. First, exposure to pesticides was not directly assessed but was rather estimated from selfreported FV intake paired with pesticide residue surveillance data. Although we have adjusted for organic FV intake, data on whether individual FVs were consumed as organic or conventional were not collected, possibly leading to exposure misclassification. However, our previous work has shown that higher intake of high-pesticide residue FVs was significantly associated with higher levels of urinary pesticide metabolites, supporting the use of the PRBS as an adequate measure to characterize exposure to pesticides through diet. 26 Second, our methodology does not allow linking specific pesticides to adverse reproductive effects. Further confirmation studies, preferably accounting for common chemical mixtures used in agriculture by biomarkers, are needed. Third, as in all observational studies, we cannot rule out the possibility that residual (eg, significant differences in organic FV consumption across quartiles of high-pesticide residue FV intake) or unmeasured confounding may still be explaining some of our observed associations. However, women with greater high-pesticide FV intake and those of greater low-pesticide FV intake had similar patterns of baseline characteristics, suggesting that the observed associations are due to intake of pesticide residues rather than to residual confounding. Furthermore, results were consistent after accounting for many factors that could potentially affect the risk of pregnancy loss. An additional limitation is that findings may not be generalizable to the general population because participants were recruited through a fertility clinic and intake of FVs in our cohort was double the median intake in the US population (2 servings/d).
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However, the infertility cohort allowed us to examine the association of dietary pesticide exposure with many pregnancy outcomes that are not observable among couples becoming pregnant on their own such as very early pregnancy losses. In addition, demographic characteristics of the study participants were comparable to those of women seeking fertility treatment in the United States, 52 suggesting that results may be generalizable to women seeking infertility treatment. Additional strengths of the study include its prospective study design and well-documented outcome measures.
Conclusions
In conclusion, intake of high-pesticide residue FVs was associated with lower probabilities of clinical pregnancy and live birth among women undergoing infertility treatment. Our findings are consistent with animal studies showing that lowdose pesticide ingestion may exert an adverse impact on sustaining pregnancy. 11 Because, to our knowledge, this is the first report of this relationship in humans, confirmation of these findings is warranted. 1 More recently, understanding has increased that acute poisoning is only the visible tip of a large iceberg and that pesticides are capable of causing a wide range of asymptomatic effects at levels of exposure too low to produce overt signs and symptoms. This concept of subclinical toxicity had its origins in studies of asymptomatic losses of intelligence and alterations of behavior in children with low elevated blood levels of lead. 4 It is based on the recognition that there exists a dose-related continuum of toxic effects ranging from clinically obvious poisoning at high exposure levels down to functional alterations at lower exposures. The number of persons affected by subclinical toxicity is typically much larger than the number who experience acute poisoning.
Recognition of the subclinical toxicity of pesticides has been made possible by advances in laboratory science and epidemiology. Laboratory advances have led to development of increasingly sensitive and specific biomarkers of exposures and health outcomes. And beginning with the Framingham Heart Study, epidemiologists have become skilled at conducting multiyear prospective studies that observe persons with varying levels of exposure and examine them repeatedly over long periods. In these studies, each participant serves as his or her own control and slight decrements in function can be measured with great reliability. A further advantage is that environmental exposures can be measured in real time as they actually occur. The subclinical effects of pesticide exposure that to date have been most carefully evaluated in prospective studies are deficits in neurobehavioral development associated with in utero exposures to chlorpyrifos, a widely used organophosphate pesticide.
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Although subclinical effects can be subtle and their links to environmental exposures detected only through specialized testing in well-designed studies, they can nonetheless cause serious and lasting damage. Moreover, when subclinical toxicity is widespread, it can impair the health of entire populations. The classic example of the societal impact of widespread subclinical toxicity is seen in the 3-to 5-point reduction in population mean IQ and the lifelong disruptions of behavior in the millions of American children exposed to lead between 1922 and 1975 when thousands of tons of lead were added each year to gasoline in the United States. 4 Reproductive injury is a dimension of pesticide toxicity that has come under increasing scrutiny. High-dose exposures to certain highly toxic, older-generation pesticides such as chlordecone (Kepone) and 1,2-dibromo-3-chloropropane (DBCP) were recognized decades ago to be capable of causing severe exposure history, total energy intake, Western and Prudent pattern scores, and infertility diagnosis. 2 Adjusted proportions were calculated at mean levels for continuous covariates and weighted average over categorical covariates. 3 Model additionally adjusted for low pesticide FV intake. 4 Model additionally adjusted for high pesticide FV intake 5 Tests for trend were performed using the median intake in each quartile as a continuous variable in the model.
